AZT (3-azido-3-deoxythymidine; zidovudine), which is used for the prevention of mother-to-child transmission of HIV-1, is transplacentally transferred to the fetus across the blood-placenta barrier, which is composed of syncytiotrophoblasts. We recently showed that apical uptake of AZT by syncytiotrophoblasts is mediated by saturable transport system(s) in the TR-TBT 18d-1 cell line, and the cellular accumulation of AZT was increased in the presence of dehydroepiandrosterone sulfate (DHEAS). Here, we aimed to clarify the mechanism of this effect of DHEAS. Inhibitors of efflux transporters, including breast cancer resistance protein, P-glycoprotein, and multidrug resistance proteins, had little effect on the cellular accumulation of AZT in TR-TBT 18d-1. Kinetic study revealed that the rate constant for AZT uptake was greatly increased in the presence of 1 mM DHEAS. These results suggested that the effect of DHEAS was because of enhancement of the uptake process(es), rather than inhibition of efflux. When AZT uptake was analyzed according to the Michaelis-Menten equation, the estimated Michaelis constant, K m , for AZT uptake in the presence of 1 mM DHEAS was lower than that in its absence, whereas maximum uptake velocity, V max , and nonsaturable uptake clearance, k ns , were similar in the presence and absence of DHEAS, indicating that DHEAS may change the recognition characteristics of the transporter for AZT in TR-TBT 18d-1. Thus, the increase of AZT uptake in TR-TBT 18d-1 cells in the presence of DHEAS was concluded to be because of a DHEAS-induced change in the affinity of AZT uptake system, although the transporter responsible for AZT uptake has not been identified.
Transport of nutrients and xenobiotics across the placenta is regulated by the blood-placenta barrier, which is composed of syncytiotrophoblast cells. Many transporters are expressed in various tissues and play important roles in absorption, distribution, and excretion of their substrates. For example, transport of nucleosides is primarily mediated by members of the concentrative nucleoside transporter family (CNTs, SLC28) and the equilibrative nucleoside transporter family (ENTs, SLC29). TR-TBT 18d-1 cells, established by our group, are derived from the placenta of a rat at gestational age 18 days and have a similar transporter expression pattern to syncytiotrophoblast I cells (Kitano et al., 2002 (Kitano et al., , 2004 . We recently showed that apical uptake of uridine and adenosine is mediated by ENT1 and ENT2 in TR-TBT 18d-1 cells . Therefore, transfer of nucleosides between mother and fetus should be partly regulated by these transporters in the placenta, at least in the late stage of pregnancy.
AZT (zidovudine) and ddI (didanosine) are nucleoside reverse transcriptase inhibitors (NRTIs) and are used to treat pregnant women infected with HIV-1 to prevent mother-to-child transmission. Although it was reported that thymidine shares a transporter with adenosine in the placenta, it has been believed that AZT, a thymidine analog, passively diffuses across the placenta (Dancis et al., 1993) . Some influx transporters, such as CNTs (Yao et al., 1996; Ritzel et al., 2001) , ENTs , organic anion transporters (Wada et al., 2000; Morita et al., 2001; Takeda et al., 2002; Hasegawa et al., 2003) , organic cation transporters (Chen and Nelson, 2000) , and OATPs (Takeuchi et al., 2001) , can take up AZT, and several efflux transporters, such as P-gp (Antonelli et al., 1992) , MRP4 (Schuetz et al., 1999) , and BCRP (Wang et al., 2004; Pan et al., 2007) , could also transport it. Although it is known that some of these transporters are expressed in human and rat placenta, their contribution to AZT transport has hardly been examined. Recently, though, we indicated at least that apical uptake of AZT in TR-TBT 18d-1 cells was transporter-mediated, although the transport could not be explained by the contributions of identified transporters . In the case of ddl, apical uptake by TR-TBT 18d-1 cells was sensitive to NBMPR, a well known inhibitor of ENT family members, but kinetic analysis implied that the transport characteristics were not consistent with those of ENT2, indicating that the transporter responsible for ddI uptake was an ENT2-like transporter (unpublished data). Therefore, transporters contribute to the disposition of these NRTIs.
In the previous study, we found that AZT uptake by TR-TBT 18d-1 cells was enhanced by addition of 1 mM DHEAS . Possible explanations for the increased cellular AZT accumulation might be: 1) DHEAS inhibited the efflux pump responsible for AZT excretion from the cells or 2) DHEAS facilitated the uptake process of AZT by altering the membrane fluidity, transporter expression level, or affinity of the transporter for AZT. In the present study, we aimed to clarify the mechanism of enhancement of AZT accumulation by DHEAS in TR-TBT 18d-1 cells. This is of interest because it may allow better placental targeting of AZT, resulting in an improvement of the pharmacological effect of AZT. (Brea, CA) . Cyclosporin A (CsA) and probenecid were purchased from Wako Pure Chemicals (Osaka, Japan). Fumitremorgin C (FTC) was purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals were commercial products of analytical grade.
Materials and Methods

Chemicals
Cell Culture. TR-TBT 18d-1 cells were cultured in Dulbecco's modified Eagle's medium (Nissui, Tokyo, Japan) supplemented with 10% fetal bovine serum (SAFC Biosciences, Lenexa, KS), 100 U/ml benzylpenicillin, 100 g/ml streptomycin, and 2 mM L-glutamine (Invitrogen, San Diego, CA) on 100-mm culture dishes (Corning Life Sciences, Acton, MA) in a humidified incubator at 33°C under an atmosphere of 5% CO 2 in air. For the uptake study, TR-TBT 18d-1 cells were seeded on four-well plates (Nalge Nunc International, Rockville, NY) coated with porcine skin collagen type I (Nitta Gelatin Canada Inc., Toronto, ON, Canada) at a density of 1 ϫ 10 5 cells/well. After incubation for 3 days at 33°C, the cells were cultured at 37°C for a further 4 days.
Uptake Study. TR-TBT 18d-1 cells were washed twice with transport medium containing 122 mM NaCl, 25 mM NaHCO 3 , 3 mM KCl, 1.4 mM CaCl 2 , 1 mM MgSO 4 , 0.4 mM K 2 HPO 4 , 10 mM D-glucose, and 10 mM Hepes adjusted to pH 7.4 with Tris. Sodium-free transport medium was prepared by replacing 122 mM NaCl and 25 mM NaHCO 3 with 122 mM N-methyl-Dglucamine and 25 mM KHCO 3 . After a 10-min preincubation in the above medium, the transport medium was replaced with drug solution containing a radiolabeled compound with or without DHEAS (ϳ5 mM) to initiate the uptake reaction. At the designated time (1, 2, 5, 15 min), the reaction was terminated by addition of ice-cold transport medium, and the cells were washed twice in the same medium. The cells were solubilized by incubation overnight in 500 l of 0.1 M NaOH/1% Triton X-100 solution at 37°C. Next, 400 l of the cell lysate was mixed with 3 ml of scintillation cocktail (Clearsol-I; Nacalai Tesque, Kyoto, Japan), and radioactivity was measured with a liquid scintillation counter (TRI-CARB 317TR/SL; PerkinElmer Life and Analytical Sciences, Waltham, MA). Cellular protein was quantified by BCA method using a protein assay kit (Pierce Chemical, Rockford, IL) with bovine serum albumin as a standard.
Data Analysis. The following simple model was designed to describe the kinetics of cellular uptake of AZT.
where X(t), X cell (t), k uptake , and k efflux indicate the drug amount in transport medium as a function of time, the drug amount in cells as a function of time, the first order rate constant for drug transport from medium to cells and the first order rate constant for drug transport from cells to medium, respectively. Initial values of X(t) and X cell (t) are assumed to be D and A, respectively, where the sum of D and A is equal to the dose experimentally added. Because a part of the drug is expected to be immediately adsorbed on the cells, A represents the background adsorption of the drug, that is, X cell (t ϭ 0) is A. Then, the following simultaneous differential equation gives X cell (t).
After this equation is normalized by C, which is the concentration of drug in the solution at the end of uptake experiment, the time course of cell/medium ratio can be represented as follows:
Because C(t) can be approximated by a constant, and the drug amount in cells is quite low compared with that in the medium, C(t) can be written as D/V o , where V o is the volume of drug solution in the transport experiment. A ϩ D can be approximated to be D because A is generally much smaller than D. Consequently, we obtained the following equation, which was employed for kinetic analysis:
where the background adsorbed volume ( (Yamaoka et al., 1981) .
To characterize the effect of DHEAS on [ 3 H]AZT uptake by TR-TBT 18d-1 cells, the uptake parameters were determined based on the Michelis-Menten equation by nonlinear least-squares regression analysis: 
Results
Transporter Involvement in AZT Accumulation in TR-TBT 18d-1 Cells and Effect of DHEAS. The effects of several known inhibitors of efflux transporters P-gp, Bcrp1, and Mrp(s) on [
3 H]AZT uptake were investigated to clarify the involvement of these transporters in AZT uptake. Compared with the enhancement by DHEAS, addition of CsA, FTC, or probenecid had little effect (Fig. 1) . Thus, it is unlikely that the above efflux transporters are involved in the uptake of AZT. To examine whether the effect of DHEAS on apical uptake of AZT is enhancement of uptake rather than inhibition of efflux, the time course of [ 3 H]AZT uptake by TR-TBT 18d-1 cells was kinetically analyzed and compared with that of [ 3 H]ddI uptake. We have shown that AZT and ddI are taken up by TR-TBT 18d-1 cells through transporter-mediated system(s), although the transporter responsible has not been identified 3 H]AZT uptake velocity in the presence of 1 mM DHEAS was significantly higher than that in its absence, especially at concentrations well below the K m value (Fig. 3, A and B) . The obtained parameters are listed in Table 2 . The Eadie-Hofstee plot clearly showed that the K m value was much smaller in the presence of DHEAS, whereas the V max value was similar in the presence and absence of DHEAS (Fig. 3C) . These results indicate that DHEAS might change the affinity of the transporter for AZT. Indeed, the intrinsic uptake clearance of AZT in TR-TBT 18d-1 cells was 2 times higher in the presence of DHEAS than in its absence.
Concentration Response of Enhancement Effect on AZT Uptake. Although [ 3 H]AZT uptake by TR-TBT 18d-1 is almost completely saturable, as shown previously , the enhanced uptake of [ 3 H]AZT in the presence of DHEAS should also be saturable if DHEAS changes the affinity between the influx transporter and AZT. Indeed, the enhanced uptake was almost completely inhibited by an excess of AZT (Fig. 4A) . To further address the mechanism of the enhancement by DHEAS, we measured the concentration dependence of the effect of DHEAS on AZT uptake. [ 3 H]AZT uptake was increased with increasing concentration of DHEAS (Fig. 4B) , whereas nonsaturable uptake was only slightly changed, suggesting that cytotoxicity could be excluded from the mechanism of uptake enhancement. Although the maximum enhancement could not be measured because of the limited solubility of DHEAS, AZT uptake was at least 2.5 times higher in the presence of 5 mM DHEAS than in its absence.
Effect of DHEAS on [ 3 H]Thymidine Uptake. Thymidine, an endogenous structural analog of AZT, may share the uptake transporter with AZT because an excess of thymidine could inhibit [ 3 H]AZT as much as AZT itself . Therefore, the effect of DHEAS on [ 3 H]thymidine uptake was measured. [ 3 H]Thymidine uptake was, however, decreased in the presence of 1 mM DHEAS, although most of the uptake was inhibited by the addition of an excess thymidine or AZT (Fig. 4C ).
Discussion
The placenta is one of the pharmacological target tissues of NRTIs, including AZT. Transport of AZT across the blood-placenta barrier has been thought to occur by simple diffusion, but we recently showed that it is transporter-mediated, at least in TR-TBT 18d-1 cells . In that study, it was found that DHEAS stimulated cellular AZT accumulation, although the mechanism was not addressed. Here, we show that DHEAS enhances saturable influx transport of AZT by changing the affinity of the transporter for AZT.
TR-TBT 18d-1, a conditionally immortalized syncytiotrophoblast cell line established by our group, retains placental transport characteristics for nucleosides, including nucleobase-and nucleoside-like drugs. The mRNAs of several nucleoside transporters, such as CNTs (SLC28) and ENTs (SLC29), are expressed in TR-TBT 18d-1 cells (Kitano et al., 2004) . Uptake of uridine and adenosine by TR-TBT 18d-1 could be mediated primarily through ENT1 and ENT2, which are NBMPR-sensitive transporters . Although AZT is structurally similar to nucleoside, i.e., 3Ј-OH of thymidine is replaced with ϪN 3 , ENT1, and ENT2 seem unlikely to be involved in AZT uptake by TR-TBT 18d-1 cells because NBMPR did not inhibit AZT uptake . Therefore, transporter(s) involved in the placental transport of nucleosides remain to be identified. Although DHEAS induced AZT uptake by TR-TBT 18d-1 cells, it inhibited uridine uptake at ASPET Journals on November 6, 2017 dmd.aspetjournals.org inhibited ddI uptake, which is mediated by an unidentified ENT2-like protein (unpublished data). Thus, it appears that DHEAS can preferentially stimulate the transporter(s) responsible for AZT uptake.
When cellular drug accumulation is increased by drug-drug interaction, it is reasonable to consider that inhibition of efflux transport may be involved. To distinguish whether the enhancing effect of DHEAS on AZT accumulation is because of stimulation of influx transporter(s) or inhibition of efflux transporter(s), we first investigated the effect of DHEAS on AZT uptake by TR-TBT 18d-1 cells in comparison with that of representative efflux transporter inhibitors. However, various efflux transporter inhibitors, including BCRP, P-gp, and MRPs, had little effect on the cellular accumulation of AZT in TR-TBT 18d-1 cells, although DHEAS caused a significant increase of AZT uptake (Fig. 1) , indicating that the increased accumulation of AZT by DHEAS is unlikely to be because of inhibition of the above efflux transport. These results rather suggest that DHEAS may enhance uptake of AZT by TR-TBT 18d-1 cells, although possible involvement of unidentified efflux transporter(s) cannot be excluded. Therefore, we analyzed the time course of AZT uptake by using the kinetic model described under Materials and Methods (Fig. 2) . The first order rate constant for AZT uptake was greatly increased by the addition of DHEAS, although the first order rate constant for efflux was little changed (Table 1) . In contrast, both of the rate constants for ddI tended to be rather decreased (Table 1) . Taken together, these results indicate that DHEAS enhances the apical uptake process of AZT in TR-TBT 18d-1 cells.
Possible mechanisms underlying this observation include the following: 1) increased plasma membrane viscosity, 2) induction of uptake transporter expression on plasma membrane, and 3) enhancement of the transporter activity by changing the affinity for substrate(s). By analyzing the initial uptake of AZT in the presence and absence of DHEAS according to the Michaelis-Menten equation, we can distinguish among these mechanisms, based on the k ns , V max , and K m values. The estimated K m value for AZT uptake in the presence of DHEAS was lower than that in its absence, whereas the k ns and V max values were similar in the presence and absence of DHEAS (Table 2) . These results indicate that 3) is more likely than 1) or 2). This is consistent with the report that DHEAS has little effect on the membrane fluidity in rat brain, although DHEA and its analogs did alter it (Morissette et al., 1999) .
It has been reported that several steroids, such as estrone, can facilitate the uptake activity of OATP2B1 (Tamai et al., 2001; Grube et al., 2006) . In addition, several steroid sulfates can facilitate the transport activity of MRP8 (ABCC11) (Chen et al., 2005) . Thus, steroids and their conjugates appear to enhance the activity of certain types of drug transporters, although little is known about the mechanism involved. The mechanism may not be simple because, for instance, nonconjugated estrone inhibits estrone-3-sulfate uptake by OATP2B1 but enhances DHEAS uptake by OATP2B1 (Tamai et al., 2001; Grube et al., 2006) . The results of the present study and Grube et al. showed that the enhanced uptake activity was caused by a change of the affinity of the transporter for its substrate, indicating that the steroids may directly or indirectly interact with the Table 2 . transporter at target region(s) other than the primary site of action of the protein (allosteric activation).
In pregnancy, DHEAS is synthesized in the adrenal gland of the fetus and is taken up into the placenta from fetal circulating blood. It has been suggested that OATP2B1 localized in the basolateral membrane of syncytiotrophoblast is involved in the uptake of DHEAS, and BCRP (ABCG2) localized in the apical membrane secretes it into the maternal blood (Grube et al., 2007) . Actually, basolateral uptake of DHEAS was higher than apical uptake in TR-TBT 18d-1 cells (Kitano et al., 2004) . In agreement with our findings, it was reported that DHEAS uptake from apical membrane is saturable in HRP-1 cells, although the molecular mechanism has not been clarified (Zhou et al., 2003) . Therefore, although DHEAS is physiologically taken up from fetal blood in syncytiotrophoblast, it is possible that the transporter responsible for apical uptake of DHEAS is also involved directly or indirectly in AZT uptake.
The effect of DHEAS on the transport substrates AZT and thymidine was different, although their chemical structures are similar (Fig.  4) . Apparently, these results suggest that the uptake mechanisms of AZT and thymidine are different. However, it is also possible that the effect of DHEAS on the activity of the transporter is different for different substrates (inhibitory or stimulatory). Therefore, we cannot say whether AZT and thymidine share a transport system, even though DHEAS relatively specifically enhances AZT uptake.
Although the concentration of DHEAS required to enhance AZT uptake in TR-TBT 18d-1 cells (Fig. 4B) is relatively high compared with the physiological plasma concentration (Ͻ10 M), our findings suggest that AZT uptake by the placenta could be increased by the simultaneous use of DHEAS or drugs that have similar characteristics for DHEAS to improve the therapeutic effect on mother-to-child transmission of HIV-1 or to reduce the oral dose without decreasing the therapeutic effect. Because protein biding of DHEAS is 70 to 80% in the millimolar range and more than 90% in physiological concentration range (Plager, 1965) , we could expect only slight enhancement of AZT uptake in physiological condition. Further studies are required to clarify whether increased AZT uptake can improve the pharmacological effect and whether AZT uptake is enhanced by DHEAS in vivo.
In conclusion, our findings show that the saturable AZT uptake in TR-TBT 18d-1 that we previously observed was enhanced by DHEAS through a change in the affinity of the uptake system for AZT. Although the transport molecule responsible for AZT uptake has not yet been identified, it might be possible to apply our results to improve delivery of AZT into the placenta in the clinical context.
